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(54) Reduced noise controller for a switched reluctance machine 



(57) A controller tor a switched reluctance machine 
system and a method for reducing unwanted vibration 
and noise produced by a switched reluctance machine 
system. The energization of the voltage across a phase 
winding in the switched reluctance machine is controlled 
such that the voltage across the phase winding varies 
over time in a cont rolled manner from a first voltage level 



to a second voltage level following a predefined switch- 
ing event. The control of the transition of the voltage 
across the phase winding from the first voltage level to 
the second voltage level is accomplished through appli- 
cation of a succession of timed voltage pulses to the 
phase winding at a predetermined point in time after the 
predefined switching event or through use of a capacitor 
smoothing circuit. 
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Description 

This invention relates to control systems tor reluc- 
tance machines and more particularly to switched reluc- 
tance machines. In particular, the present invention re- s 
lates to a method and apparatus for reducing acoustic 
noise, unwanted vibrations, and iron losses in switched 
reluctance machine systems. 

In general, a reluctance machine is an electric ma- 
chine in which torque is produced by the tendency of its 
movable part to move into a position where the induct- 
ance of an excited winding is maximized. 

In one type of reluctance machine the energization 
of the phase windings occurs at a controlled frequency. 
These machines are generally referred to as synchro- 
nous reluctance machines. In a second type of reluc- 
tance machine, circuitry is provided for detecting the an- 
gular position of the rotor and energizing the phase 
windings as a function of the rotor's position. This sec- 
ond type of reluctance machine is generally known as 
a switched reluctance machine. Although the descrip- 
tion of the present invention is in the context of a 
switched reluctance machine, the present invention is 
applicable to all forms of reluctance machines, including 
synchronous and switched reluctance motors, synchro- 
nous and switched reluctance generators, as well as to 
other machines that have phase winding arrangements 
similar to those of switched reluctance machines. 

The general theory of design and operation of 
switched reluctance machines is well known and dis- 
cussed, for example in The Characteristics, Design and 
Applications of Switched Reluctance Motors and Drives , 
by Stephenson and Blake and presented at the PCIM 
'93 Conference and Exhibition at Nurnberg, Germany, 
June 21-24, 1993. 

Figure 1 illustrates an exemplary switched reluc- 
tance machine having a stator 10 including six project- 
ing stator poles 11-16 that define a principal stator axis 
(extending outwardly from Figure 1). A rotor 18 is cou- 
pled to a rotatable shaft co-axial with the principal axis 
of the stator. In Figure 1, the rotor is positioned within 
the bore formed by the stator and the inwardly pointing 
stator poles 11-16 and is mounted on a shaft (not shown) 
that is mounted on bearings and is free to rotate. The 
rotor 18 has a number of outwardly extending projec- 
tions 19 which form the rotor poles. 

Associated with each stator pole is a wound coil of 
wire 17. In the illustrated machine, the two coils of op- 
posing stator poles are coupled together to form three 
phases: phase A (coils from poles 11 and 14); phase B 
(coils from poles 12 and 15); and phase C (coils from 
poles 13 and 16). In the example illustrated in Figure 1, 
when phase A is energized, electric current will flow 
through its coils such that stator pole 11 becomes, for 
example, an inward-pointing electro-magnet of positive 
polarity and stator pole 14 becomes an inward-pointing 
electro-magnet of negative polarity. These electromag- 
nets will produce a force of attraction between the en- 



ergized stator poles and the rotor poles which will pro- 
duce a torque. By switching energization from one 
phase to another, the desired torque may be maintained 
regardless of the angular position of the rotor. By switch- 
ing the energization of the phase windings to develop 
positive torque, the machine may be operated as a mo- 
tor; by energization of the phase windings to develop a 
retarding torque the machine may be operated as a 
brake or generator. 

Forthe sake of illustration, a simple form of machine 
having six stator poles and two rotor poles (i.e. a 6/2 
machine) is shown. Those skilled in the art will recognize 
that other combinations are possible. The present in- 
vention applies equally to such machines. Moreover, the 
present invention is applicable to inverted machines, 
where the stator is positioned within the bore of an outer 
rotating rotor, and to linear machines, where the mova- 
ble member moves linearly with respect to the stator. In 
the art the movable member of a linear motor is also 
commonly referred to as a rotor. 

When a switched reluctance machine is running, 
the torque (and other machine performance parame- 
ters) may be adjusted by monitoring the rotor's position, 
energizing one or more phase windings when the rotor 
is at a first angular position., referred to as the "turn-on 
angle," and then de-energizing the energized windings 
when the rotor rotates to a second angular position . re- 
ferred to as the "turn-off angle." The angular distance 
between the turn-on angle and the turn-off angle is 
known as the "conduction angle." 

At standstill and at low speeds, the torque of a 
switched reluctance machine can be controlled by var- 
ying the current in the energized phases over the period 
defined by the tum-on and turn-off angles. When current 
chopping is used such current control can be achieved 
by chopping the current using a current reference with 
phase current feedback. Such current control is referred 
to as "chopping mode" current control. Alternately, pulse 
width modulation (PWM) voltage control may be used. 
Chopping mode current control and PWM control strat- 
egies are generally understood and chopping mode cur- 
rent control is generally described below. 

Figure 2A generally illustrates an exemplary current 
in a phase winding when chopping mode current control 
is used when the switched reluctance machine is oper- 
ating as a motor. As is illustrated in Figure 2 A, the phase 
is initially energized at a point corresponding to the turn- 
on angle and current begins to increase until it reaches 
the current reference. At that point, the current is 
chopped by a controller, de-energizing the phase wind- 
ing. The current drops until the phase winding is again 
reenergized and the process repeats. As indicated in 
Figure 2A, in the chopping mode, the overall shape of 
the current waveform defines a substantially rectangular 
region where the beginning and end points of the rec- 
tangular region generally correspond to the turn-on and 
turn-off angles. 

As the angular speed of the motor increases, a point 



15 



20 



25 



30 



35 



40 



45 



50 



2 



3 



EP 0 763 883 A2 



4 



is reached where there is insufficient time for more than 
a single pulse of current to occur during each phase pe- 
riod. Accordingly, at these speeds pulse width modula- 
tion or chopping strategies are ineffective. At these 
speeds, the torque of the motor is commonly controlled 
by controlling the position and duration of the voltage 
pulse applied to the winding during the phase period. 
Because a single pulse of voltage is applied during each 
phase period, this form of control is referred to as "sin- 
gle-pulse control." 

Figure 2B illustrates an exemplary current wave- 
form for a phase current in a switched reluctance motor 
operating in the single-pulse mode. In the single-pulse 
mode, the torque level is defined by the magnitude and 
shape of the current pulse which, in turn, is determined 
by: the angular speed of the rotor; the point during the 
rotor's rotation when voltage is applied to the phase 
winding (i.e., the turn-on angle); the point during the ro- 
tor's rotation when the application of voltage to the wind- 
ing is halted (the turn-off angle); and, the magnitude of 
the voltage applied to the phase winding. Figure 2B gen- 
erally illustrates the approximate positions of the turn- 
on and turn-off angles and the duration of the conduction 
angle for the exemplary waveform. 

Figure 3 generally illustrates power circuitry that 
may be used to control the energization of a phase wind- 
ing for both "chopping mode" and "single-pulse mode" 
current control. 

Referring to Figure 3, a phase winding 30 is coupled 
to a source of DC power provided through a DC bus, 
comprising positive rail 31 and negative rail 32, by upper 
switching device 33 and lower switching device 34. Re- 
turn diodes 35 and 36 are provided to provide a current 
path from the DC bus through the phase winding 30 
when switching devices 33 and 34 are opened. As those 
skilled in the art will appreciate, phase winding 30 is gen- 
erally energized by closing switches 33 and 34, thus 
coupling the phase winding to the DC bus. 

The circuit illustrated in Figure 3 may be used to 
implement chopping mode current control as follows: 
When the rotor reaches an angular position that corre- 
sponds to the turn-on angle, switches 33 and 34 are 
closed. The phase winding 30 is then coupled to the DC 
bus, causing an increasing magnetic flux to be estab- 
lished in the motor. It is the magnetic field associated 
with this flux which acts on the rotor poles to produce 
the motor torque. As the magnetic flux in the machine 
increases, current flows from the DC supply as provided 
by the DC bus through the switches 33 and 34 and 
through the phase winding 30. 

The current flowing through the phase winding 30 
is sensed by a current sensor or other device (not 
shown) that provides a signal corresponding to the mag- 
nitude of the phase current. The signal corresponding 
to the phase current is then compared to a signal rep- 
resenting a reference current. When the actual current 
in the phase winding exceeds the reference current, the 
phase winding is de-energized, by opening one or both 



of switches 33 and 34. When both switches 33 and 34 
are opened, the current in phase winding 30 transfers 
from switches 33 and 34 and begins to flow through di- 
odes 35 and 36. The diodes 35 and 36 then apply the 
s DC voltage appearing on the DC bus in the opposite 
sense, causing the magnetic flux in the machine (and 
therefore the phase current) to decrease. When the cur- 
rent decreases below the reference current by a prede- 
termined value, the phase is reenergized and the cur- 
rent again begins to increase. 

The process of energizing the phase winding 30, 
de-energizing it when the phase current exceeds the ref- 
erence current, and re-energizing it when the phase cur- 
rent drops below the reference current by a predeter- 
mined value, repeats itself during the interval defined by 
the turn-on and turn-off angles. Typically, when the rotor 
reaches an angular position corresponding to the turn- 
off angle, switches 33 and 34 are opened, and the phase 
current is allowed to drop to zero. At that point the diodes 
35 and 36 turn off, disconnecting the phase winding from 
the power supply. 

As those skilled in the art will appreciate, the above 
discussion of current control is but one example of a 
chopping mode current strategy that may be used and 
that alternate strategies, e.g., strategies including free- 
wheeling, may also be used. 

The circuit illustrated in Figure 3 may be also used 
to implement single-pulse mode control. When the mo- 
tor is operating in the single-pulse mode, the control 
strategy is straightforward. When the rotor reaches an 
angular position that corresponds to the turn-on angle, 
switches 33 and 34 are closed. The phase winding 30 
is then coupled to the DC bus, causing an increasing 
magnetic flux to be established in the motor. As the mag- 
netic flux in the machine increases, current flows from 
the DC supply as provided by the DC bus through the 
switches 33 and 34 and through the phase winding 30. 
When the rotor reaches an angular position correspond- 
ing to the turn-off angle, switches 33 and 34 are opened 
and the current in phase winding 30 transfers from 
switches 33 and 34 and begins to flow through diodes 
35 and 36. As in the chopping mode : diodes 35 and 36 
then apply the DC voltage appearing on the DC bus in 
the opposite sense, causing the magnetic flux in the ma- 
chine (and therefore the phase current) to decrease. 
Again, the above description is but one example of how 
the circuitry of Figure 3 may be used to implement sin- 
gle-pulse mode current control. Alternate strategies, 
such as strategies employing freewheeling, may also be 
used. 

The inherently inductive nature of a phase winding 
can lead to problems with transient voltages in the form 
of spikes when switching a voltage across the winding. 
These spikes have a much larger peak magnitude than 
the switched voltage and a very high rate of increase 
and decrease. The magnitude of the voltage can dam- 
age the switch element. To counter this it is known to 
use a so-called 'snubber* circuit connected across the 
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switch !o suppress the transient voltage spikes in the 
switch. 

In known snubber circuits the rate of increase and 
decrease in the voltage transient is typically suppressed 
without affecting appreciably the responsiveness of the 
switch to swing to the new voltage level imposed on the 
phase winding as a result of switching. In most instanc- 
es, the suppression of voltage spikes through the use 
of such snubber circuits is achieved without imposing 
more than a 5 microsecond transition time on the 
switched voltage. 

As the above discussion indicates, as a switched 
reluctance motor (or generator) operates, magnetic flux 
is continuously increasing and decreasing in different 
parts of the machine. This changing flux will occur in 
both the chopping mode and the single-pulse node. The 
changing flux results in fluctuating magnetic forces be- 
ing applied to the ferromagnetic parts of the machine. 
These forces can produce unwanted vibration and 
noise. One major mechanism by which these forces can 
create noise is the ovalizing of the stator caused by forc- 
es normal to the air-gap. Generally, as the magnetic flux 
increases along a given diameter of the stator, the stator 
is pulled into an oval shape by the magnetic forces. As 
the magnetic flux decreases, the stator springs back to 
its undistorted shape. This ovalizing and springing back 
of the stator can cause unwanted vibration and produce 
audible noise. 

In addition to the distortions of the stator by the oval- 
izing magnetic forces, unwanted vibration and acoustic 
noise may also be produced by abrupt changes in the 
magnetic forces in the motor. These abrupt changes in 
the gradient of the magnetic flux (i.e., the rate of change 
of the flux with time) are referred to as "hammer blows" 
because the effect on the stator is similar to that of a 
hammer strike. Just as a hammer strike may cause the 
stator to vibrate at one or more natural frequencies (de- 
termined by the mass and elasticity of the stator) the 
abrupt application or removal of magnetic force can 
cause the stator to vibrate at one or more of its natural 
frequencies. In general, the lowest (or fundamental) nat- 
ural frequency dominates the vibration, although higher 
harmonics may be emphasized by repeated excitation 
at the appropriate frequency. 

In addition to the stator distortions resulting from the 
ovalizing and hammer blow phenomena described 
above, the fluctuating magnetic forces in the motor can 
distort the stator in other ways, as well as distorting the 
rotor and other ferromagnetic parts of the machine sys- 
tem. These additional distortions are another potential 
source of unwanted vibration and noise. 

Although the problem of unwanted acoustic noise 
and vibration has been recognized, known control sys- 
tems for reluctance motors do not adequately solve the 
problem. For example, the general problem of acoustic 
noise in switched reluctance motor systems is dis- 
cussed in C. Y. Wu and C. Pollock: "Analysis and Reduc- 
tion of Vibration and Acoustic Noise in the Switched Re- 



luctance Drive, " Proceedings of the IAS '93 pp. 106-113 
(1993). In general, the method suggested by Wu and 
Pollock involves control of the current in the phase wind- 
ing such that the current is controlled in two successive 

5 switching steps with the second switching step occur- 
ring approximately one-half of a resonant cycle after the 
first where the resonant cycle is defined by the natural 
frequency of the machine. This approach is typically im- 
plemented by switching off one of the power devices at 

10 a first point in time to cause a first stepped reduction in 
applied voltage, and then later switching off the second 
power device. Between the time when the first switching 
device is switched off and the second switching device 
is switched off, the current is allowed to freewheel 

*s through a freewheeling diode and the second switching 
device. 

The two-step voltage-reduction approach to noise 
reduction in switched reluctance motors discussed 
above suffers from several limitations and disadvantag- 

20 es. One such limitation is that in .many cases the two- 
step voltage-reduction approach requires precise 
switching of the switching devices within the interval de- 
fined by the turn-on and turn-off angles (i.e., the angular 
interval during which the phase winding is energized). 

25 still further, the two-step voltage-reduction approach 
limits the flexibility to adjust dynamically the freewheel- 
ing period for each phase cycle. As discussed above, in 
the two-step voltage- reduction approach, the duration 
of the freewheeling period is optimized to reduce the 

30 noise produced by the system. There are many instanc- 
es when it would be desirable to optimize the freewheel- 
ing duration according to other criteria. 

An additional limitation of the two-step voltage-re- 
duction approach, and other approaches that utilize 

35 freewheeling to reduce noise, is that, since there is typ- 
ically only one freewheeling period per phase energiza- 
tion cycle, freewheeling generally reduces noise pro- 
duced by only a single frequency of the motor system. 
Freewheeling to reduce noise at one frequency does not 

40 necessarily reduce noise produced by other frequencies 
in motor systems that have more than one frequency. 
Accordingly, such approaches do not reduce the ampli- 
tude of the frequencies at which unwanted noise is pro- 
duced. A further disadvantage with the freewheeling ap- 

45 proaches is that there are several motor control systems 
(e.g., H-circuits with a split capacitor, third-rail circuits, 
ring circuits and the like) that simply do not allow free- 
wheeling. These systems cannot use freewheeling to 
reduce noise. 

50 The present invention overcomes many of the lim- 
itations and disadvantages associated with known sys- 
tems and provides a unique method and apparatus for 
energizing the winding phases of a switched reluctance 
motor in a particular manner to reduce unwanted noise 

55 and vibrations produced by the motor. 

The present invention is defined in the accompany- 
ing independent claims. Preferred features are recited 
in the dependent claims. 
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As discussed above, in known switched reluctance 
machine systems, abrupt changes in the gradient of the 
magnetic flux in the machine tend to cause unwanted 
acoustic noise and vibration. In one embodiment of the 
present invention, a control circuit for a reluctance ma- s 
chine controls the energization of the phase windings 
such that there are no abrupt changes in the gradient of 
the magnetic flux in the motor. Transitions of the voltage 
across the phase winding occur over a predefined peri- 
od of time. This damping of the voltage transitions 10 
renders the change in the gradient of the magnetic flux 
in the machine less abrupt, thus reducing the unwanted 
vibrations and noise associated with the machine. 

While the known snubber circuits are designed to 
limit the effect of the voltage spike on the switch itself, is 
the inventor has recognised that a greater transition time 
in the control of switched reluctance machines is actu- 
ally beneficial in reducing the distorting forces imposed 
on the machine stator. This is contrary to the well estab- 
lished thinking on why, and to what extent, a circuit de- 20 
signer should increase the transition time to have a ben- 
eficial effect. 

Preferably, the transition time of a converter accord- 
ing to the invention is of the order of 10 microseconds 
or more. The actual time will be a compromise between 25 
the alleviation of the distorting forces imposed on the 
stator and the switching time available according to the 
machine design and operating requirements. 

In accordance with one form of the present inven- 
tion, one or more capacitor smoothing circuits are uti- 30 
lized to smooth the voltage transitions. These capacitor 
smoothing circuits may be positioned in a converter for 
a switched reluctance machine to control the transition 
of the voltage across the phase winding. 

In accordance with another form of the present in- 35 
vention, a succession of timed voltage pulses are ap- 
plied to the phase winding ol a switched reluctance ma- 
chine at a fixed point in time following a predefined 
switching event. The succession of timed voltage pulses 
controls the voltage across the phase winding of the 40 
switched reluctance machine such that the average volt- 
age across the phase winding smoothly varies from a 
first voltage level to a second voltage level over a given 
time period. 

Other aspects and advantages of the present inven- 45 
tion will become apparent upon reading the following de- 
tailed description given by way of example and upon ref- 
erence to the drawings in which. 

Figure t illustrates an exemplary reluctance motor 50 
having a stator including six stator poles; 
Figure 2A generally illustrates an exemplary current 
in a phase winding of a switched reluctance motor 
when the current chopping mode of control is used; 
Figure 2B generally illustrates an exemplary current 55 
waveform for a phase current in a switched reluc- 
tance motor operating in the single-pulse mode of 
control; 



Figure 3 generally illustrates power circuitry that 
may be used to control the energization of a phase 
winding of a switched reluctance machine for both 
chopping mode and single-pulse mode current con- 
trol; 

Figure 4 illustrates in block form various compo- 
nents that may be used to construct a control sys- 
tem for a switched reluctance machine; 
Figure 5A generally illustrates an example of the 
voltage applied to a phase winding of switched re- 
luctance motor before and after a typical switch-off 
point; 

Figures 5Band 5C respectively illustrate examples 
of the flux that may exist in a motor before and after 
the switch-off point of Figure 5A for chopping mode 
and single-pulse mode current control; 
Figure 6 generally illustrates one example of the 
voltage applied to a winding of switched reluctance 
motor before and after a typical switch-off point: 
Figure 7 illustrates an analogous model of a 
switched reluctance motor system in the form of as 
a spring-mass system with damping: 
Figure 8 generally illustrates the effect of a sudden 
release of negative force on the system of Figure 7: 
Figure 9 generally illustrates how the method of the 
present invention maybe used to reduce unwanted 
vibration in the system of Figure 7 through the ap- 
plication of one or more auxiliary pulses; 
Figure 10 generally illustrates exemplary data that 
resembles the forces and oscillations that would 
likely occur in a switched reluctance motor when an 
abrupt change in the gradient of the magnetic flux 
occurs; 

Figure 11 illustrates the motor system of Figure 10 
when an auxiliary voltage pulse is applied; 
Figure 1 2 illustrates in block form a circuit that may 
be used to construct an auxiliary controller in ac- 
cordance with the present invention; 
Figure 1 3 illustrates alternate circuitry that may be 
used to implement the auxiliary controller in clocked 
digital systems; 

Figure 14A generally illustrates the termination of a 
voltage pulse at a switch-off point and the applica- 
tion of a succession of timed voltage pulses follow- 
ing the switch -off point in accordance with the 
present invention; 

Figure 14B provides a general illustration of the ef- 
fect of the application of the succession of timed 
voltage pulses from Figure 14A on the flux of a 
switched reluctance motor; 
Figure 15A illustrates a exemplary succession of 
timed voltage pulses in accordance with the present 
invention where the voltage pulses that comprise 
the succession vary in magnitude from +V to 0; 
Figure 15B illustrates a exemplary succession of 
timed voltage pulses in accordance with the present 
invention wherein the voltage pulses that comprise 
the succession vary from +V to 0 during a first part 
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of the succession and from 0 to -V during a second 
part of the succession; 

Figure 16 generally illustrates an ideal smooth volt- 
age reversal of the voltage across a phase winding 
from +V to -V; 5 
Figure 17A generally illustrates the use of a capac- 
itor smoothing circuit associated with a single 
switching device to soften the voltage reversal 
across a phase winding in accordance with the 
present invention; 

Figure 17B generally illustrates the voltage across 
to the phase winding when the capacitor smoothing 
circuit of Figure 17A is employed; 
Figure 18A illustrates an alternate embodiment of 
the capacitor circuit of Figure 1 7A wherein a capac- 
itor smoothing circuit is associated with both upper 
and lower switching devices to soften the voltage 
reversal across a phase winding in accordance with 
the present invention; and 

Figure 18B generally illustrates the voltage across 
the phase winding when the capacitor smoothing 
circuitry of Figure 18A is used. 

Turning to the drawings and referring to Figure 4, 
one example of a control system is illustrated in block 
form. As illustrated, an electronic controller 40 receives 
signals from a rotor position transducer ("RPT") 41 . The 
RPT 41 detects the angular position of the rotor and pro- 
vides to the controller 40 signals representative of the 
rotor's position. In response to the rotor position signals 
from RPT 41, the controller 40 provides switching sig- 
nals (sometimes referred to as "firing signals") to a 
number of switching devices 33a-c and 34a-c. The 
switching devices 33a-c and 34a-c are connected to the 
three phase windings 30a, 30b and 30c of a three phase 
switched reluctance motor in a manner similar to that 
described above in connection with Figure 3. The 
switching devices 33a-c, 34a-c may comprise MOS- 
FETS, bipolar devices, or other switching devices. The 
switched reluctance motor may be of the type illustrated 
in Figure 1. RPT 41 may comprise optical, capacitive, 
inductive or magnetic sensors and may be of conven- 
tional construction. Other embodiments of the RPT may 
use a position detector that monitors the electrical char- 
acteristics of the phase winding and provide a signal 
representative of the rotor's angular position without the 
use of position sensors. 

In general, the electronic controller 40 responds to 
the position signals from RPT 41 by generating firing sig- 
nals for each of the three phase windings 30a-c of the 
motor to switch the power devices 33a -c and 34a-c such 
that the phase windings 30a-30c are energized in the 
proper sequence over angular periods of rotor rotation 
to produce torque in a desired direction. 

The operation of controller 40 is not critical to the 
present invention and may be of conventional construc- 
tion. Controllers for switched reluctance motors that pro- 
duce firing signals in response to rotor position signals 



are generally known in the art and are not discussed in 
detail. One of ordinary skill in the art having the benefit 
of this disclosure will be able to construct a suitable con- 
troller. Moreover, the precise construction of the 
switched reluctance motor and the arrangement of the 
switching devices 33a-c and 34a-c are not critical to the 
present invention. The methods of the present invention 
are generally applicable to switched reluctance motor 
controllers. 

The firing signals from controller 40 are applied to 
six pairs of OR gates 42a-c. Each pair of OR gates 42a- 
c is associated with one of the three phases of the motor. 
The outputs of the OR gates 42a-c are provided to the 
gates of the power switching devices 33a-c and 34a-c. 
During normal operation, the controller 40 operates ac- 
cording to known methods to produce firing signals for 
the power switching devices 33a-c and 34a-c. The firing 
signals are passed through the appropriate OR gates 
42a-c and are used to control the energization and 
deenergization of phase windings 30a-c over angular 
periods of the rotor's rotation and thus control the torque 
of the motor. 

Associated with each set of OR gates 42a-c is an 
auxiliary pulse control circuit 44a-c. As discussed more 
fully below, the auxiliary pulse control circuits 44a-c 
monitor the firing signals applied to OR gates 42a-c and 
generate auxiliary pulse signals to implement the noise 
reduction methods of the present invention. These aux- 
iliary pulse signals are passed through the appropriate 
OR gate 42 and are applied to the power devices 33a- 
c and 34a-c such that the phase windings are energized 
in response to the auxiliary pulse signals. In accordance 
with one embodiment these auxiliary pulses control the 
energization of the phase winding such that unwanted 
vibrations and noise are reduced. 

As discussed above, abrupt changes in the gradient 
of the magnetic flux tend to impose distorting forces on 
the stator causing acoustic noise and unwanted vibra- 
tions. The switching points of the power devices that oc- 
cur when the flux, and therefore the magnetic forces, 
are the greatest, are the switching points most closely 
related to the amount of unwanted noise and vibration 
produced by the motor. In general, the point at which the 
flux is the greatest will be at a switch-off point (e.g., a 
point when both switching devices are opened). Typi- 
cally, the switch-off point where the flux is the greatest 
for a given phase winding is the switch-off point that oc- 
curs when the greatest number of volt-seconds have 
been applied to the phase winding. In general the 
switch-off point will be defined by a predefined switching 
event. Such an event can, for example, correspond to 
the opening of the upper and lower switching devices or 
the opening or closing of only one switching device. 

When single-pulse control is used, the switch-off 
point that occurs at maximum flux is easily determined 
since the only switch-off point during each phase ener- 
gization cycle occurs at the end of the single pulse. In 
chopping mode, however, there may be several switch- 
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off points, each occurring when the switches are opened 
to control Ihe level of the phase current. In general, when 
the machine is running as a motor, the switch-off point 
that occurs last in time for each phase energization pe- 
riod is the most significant and it is at that point that the 
method of the present invention may be applied to re- 
duce noise and vibration. When a machine is running 
as a generator, the first switching point is generally the 
most significant, since the first switching point in gener- 
ators generally occurs at the point of greatest flux. 

The general relationship between the switch-off 
point of interest and abrupt changes in the gradient of 
the magnetic flux is illustrated in Figures 5A-5C. Figure 
5A generally illustrates an example of the voltage ap- 
plied to a winding of a switched reluctance motor before 
and after a typical switch-off point. The switch-off point 
51 of Figure 5 A may represent the switch-off point of 
interest for a motor operating in either chopping or sin- 
gle-pulse mode. As discussed generally above, prior to 
the switch-off 51 point the DC voltage from the DC sup- 
ply bus is applied to the phase winding through at the 
switching devices such that the voltage across the 
phase winding is +V, where V is the magnitude of the 
DC supply. At the switching point 51 the switches are 
opened and the +V voltage applied through the switches 
is reversed and a -V voltage is applied to the phase 
windings through the diodes. 

Figures 5B and 5C generally illustrate examples of 
the flux that may exist in a motor before and after the 
switch-off point 51 of Figure 5A. Figure 5B generally il- 
lustrates the flux that may exist in the motor when chop- 
ping mode current control is used and Figure 5C gener- 
ally illustrates the flux that may exist in the motor when 
single-pulse mode current control is used. Figures 5B 
and 5C are not drawn to the same time scale as Figure 
5A. It should be noted that the flux curves of Figures 5B 
and 5C have been exaggerated to some extent and are 
provided for illustrative purposes only. There are not in- 
tended to reflect accurately and exactly the flux in a re- 
luctance machine. 

Referring to Figure 5B, prior to switch-off point 51, 
the flux in the motor varies as the switching devices are 
chopped on and off, but generally increases from a point 
corresponding to the turn-on angle until the switch-off 
point 51, which corresponds to the turn-off angle, at 
which point the gradient of the magnetic flux in the ma- 
chine abruptly changes and begins to drop off dramati- 
cally. In a similar manner, when single-pulse mode cur- 
rent control is used., the flux in the motor will increase 
from a point corresponding to the turn-on angle to the 
switch-off point 51 , at which point the gradient of the flux 
will change abruptly and the flux begin to decrease. It 
may be noted from Figures 5A-5C, therefore, that at the 
switch-off points of interest the change in the gradient 
of the magnetic flux in the machine is sharp and abrupt. 

As generally discussed above, the abrupt changes 
in the gradient of the flux that occur at the switch-off point 
cause sudden changes in magnetic forces that tend to 



cause unwanted noise and vibration. In one embodi- 
ment of the present invention, these sudden changes 
are actively cancelled through the application of the aux- 
iliary voltage pulses. These auxiliary pulses are timed 
5 such that their effect is to produce vibrational forces in 
the machine system which tend actively to cancel the 
stator vibration that would otherwise be produced. 

Referring to Figure 4, when active cancelling is 
used, auxiliary pulse controllers 44a-c receive as inputs 
the respective phase firing signals from controller 40 
and provide auxiliary firing signals that are passed to the 
respective power switching devices via the pairs of OR 
gates 42a-42c. Auxiliary pulse controllers 44a-c monitor 
the firing signals and determine when the appropriate 
switch-off point for the respective phase has occurred. 
When the appropriate switch-off point for the respective 
phase is detected, the auxiliary pulse controller 44 then 
provides one or more timed voltage pulses that act as 
auxiliary firing signals to apply one or more auxiliary volt- 
age pulses to the motor. These auxiliary pulses occur at 
a predetermined point in time following the switch off 
point and produce forces in the motor that actively can- 
cel unwanted oscillations resulting from switch-off and 
can discriminately reduce the amount of unwanted 
noise. 

The general concept of the present invention is il- 
lustrated by the voltage waveform illustrated in Figure 
6. Figure 6 generally illustrates one example of the volt- 
age applied to a phase winding of a switched reluctance 
motor before and after a typical switch-off point 51 . As 
Figure 6 illustrates, prior to switch-off point 51, the volt- 
age applied to the winding is the +V voltage of the power 
supply. At the switch-off point 51 , the +V voltage provid- 
ed through the switching devices is removed and a -V 
voltage is applied through the diodes. According to the 
present invention, an auxiliary voltage pulse 60 defined 
by initiating point 61 and terminating point 62 is applied 
to the phase winding after switch-off point 51 . In the em- 
bodiment of Figure 4, this auxiliary voltage pulse may 
be provided by the appropriate auxiliary controller 44 
providing auxiliary firing pulses to switch on the appro- 
priate switching devices 33 and 34 for the duration of 
the auxiliary pulse. 

Just as switching that occurs at switch-off point 51 
produces an abrupt change in the gradient of the mag- 
netic flux in the machine that has the effect of a hammer 
blow, the switching that occurs at initiating and terminat- 
ing points of auxiliary pulse 60 also produces an abrupt 
change in the gradient of the magnetic flux in the ma- 
chine that has the effect of an auxiliary hammer blow. 
Through proper timing of auxiliary pulse 60, the auxiliary 
hammer blow may be applied to the stator such that it 
effectively cancels (or significantly reduces) any vibra- 
tion caused by the initial change. This effect may be un- 
derstood by considering the auxiliary hammer blow as 
causing substantially the same vibration as the initial 
hammer blow but in anti-phase. The sum of these vibra- 
tions is therefore small, and the resulting vibration (and 
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acoustic noise) is therefore reduced. 

The precise number of auxiliary pulses and the tim- 
ing of their application depend on the structure and par- 
ticular geometry of the motor system of interest. Accord- 
ingly, it may be desirable to determine empirically how 
many auxiliary pulses should be applied and when. In 
genera!, however, for machines with only one natural 
frequency, one properly timed auxiliary pulse may be 
sufficient to significantly reduce unwanted vibration. For 
machines and structures with more than one natural fre- 
quency, more than one pulse may be required, with each 
timed to correspond to one of the natural frequencies. 

Although the timing of the auxiliary pulse or pulses 
will depend on the particular machine of interest, the tim- 
ing of the pulses may occur at a constant time interval 
after the switch-off point, regardless of the speed or 
torque output of the motor. This is because the timing 
and number of pulses is closely related to the natural 
frequencies of the motor, and the natural frequencies of 
the motor do not vary substantially with speed or torque 
output variations. Accordingly, the application of auxil- 
iary pulses in accordance with this embodiment of the 
present invention is related to the length of time that has 
passed since the switch off point of interest, not to the 
angular position of the rotor. This is different from the 
application of an energizing voltage pulse to the motor 
which is generally initiated and terminated in response 
to the rotor position (e.g., the lurn-ON and turn-OFF an- 
gles). 

While the precise timing of the auxiliary pulses is 
generally best determined by empirical analysis of the 
motor of interest, some general guidelines can be pro- 
vided. Because the nature of the present approach in- 
volves the generation of anti-phase hammer blows 
through the application of auxiliary voltage pulses, the 
simplest way to produce an anti-phase hammer blow is 
to cause an abrupt change in the gradient of the flux to 
occur approximately one resonant-frequency-half-cycle 
(or an odd integer multiple of such a half cycle) after the 
change in flux that produces the original hammer blow 
for each significant resonant frequency of the motor. Be- 
cause the natural frequencies of the reluctance machine 
will not substantially change with the speed and torque 
output of the machine, the timing of the auxiliary pulses 
can be set and does not have to vary with the speed of 
the rotor. In general, the stiffer the stator, the higher the 
natural frequency and the faster the auxiliary pulse(s) 
must be applied to cancel the unwanted vibration effec- 
tively. 

One natural frequency of the machine will corre- 
spond roughly to the natural frequency at which the sta- 
tor back-iron vibrates under the influence of an abrupt 
change in the magnetic forces in the motor. To analyze 
the natural frequency of the stator back-iron, it may be 
helpful to model the machine as a spring-mass system 
with damping. Such a model is generally illustrated in 
Figure 7 where element S represents a spring having a 
stiffness in terms of kg/s 2 or N/m, element M represents 



the mass of the system in kg (principally the stator pole 
mass), and element D represents a damping element 
having a damping effect in terms of kg/s or N/m/s. Using 
a calculated stator pole mass as a nominal figure for el- 
5 ement M, the appropriate spring stiffness S and damp- 
ing factor D may be calculated from measured acceler- 
ometer data. Also shown in Figure 7 is a reference line 
70 that may be used to determine the relative deflection 
of the mass member M and a force line F, showing the 
10 direction of positive force. 

Figure 8 generally illustrates the effect of a sudden 
release of negative force on the system of Figure 7. In 
a switched reluctance motor this generally corresponds 
to the release of force that occurs when there is a rapid 
15 change in the flux gradient, allowing an ovalized stator 
to spring back to its original shape. The lower curve in 
Figure 8 illustrates an abrupt change in force from ap- 
proximately -1500 Newtonstozero. From the bottom up 5 
the curves above the Force curve represent the Deflec- 
20 tion, Velocity and Acceleration of the system over time 
from a set reference point. As Figure 8 indicates, when 
an applied force is abruptly removed from the system 
the system will accelerate upwards initiating classical 
damped harmonic motion. In a motor system, the oscil- 
25 lation indicated by Figure 8 represents the unwanted vi- 
brations which often produce unwanted noise. 

Figure 9 generally illustrates how the method of the 
present invention may be used to reduce unwanted vi- 
bration in the system of Figure 7 through the application 
30 of one or more auxiliary pulses. Figure 9 shows the use 
of an auxiliary pulse 90 that produces a changed mag- 
netic force in the motor represented by the force pulse 
90 in the force curve of Figure 9. As an examination of 
Figure 9 indicates, when this auxiliary pulse 90 is prop- 
35 erly timed, it almost immediately cancels the oscillation 
introduced by the original change in force. As a compar- 
ison of the Acceleration, Deflection and Velocity curves 
of Figures 8 and 9 indicate, the application of auxiliary 
pulses, such as pulse 90, can quickly and effectively 
40 eliminate unwanted vibration. 

In the example of Figure 9 the motor system was 
modeled such that it had a mass of 0.16 kg, a stiffness 
of 30.5x1 0 6 N/m and a Damping factor of 142 N. The 
force pulses had a magnitude of approximately -1500 
45 n. For such a system the auxiliary force pulse 90 in the 
example of Figure 9 begins at a point in time 80x1 Cr 6 
seconds after the end of the original force pulse and 
ends at a point in time 151x10~ 6 seconds after the end 
of the original force pulse. These values are exemplary 
50 only and are provided for purposes of illustrating the 
method of the present invention. Th e number and timing 
of auxiliary pulses for motor systems other that the one 
modeled in the example of Figure 9 may vary significant- 
ly from the illustrative values provided herein. 
55 Figures 8 and 9 illustrate an idealized, modeled, 
case where the auxiliary pulse is fairly rectangular. In an 
actual switched reluctance motor systems, theses forc- 
es will not be rectangular but will instead vary in a less 
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dramatic fashion. Figure 10 generally illustrates exem- 
plary data that more closely resembles the forces and 
oscillations that would likely occur in a switched reluc- 
tance motor. In Figure 10 a Flux curve representing the 
flux in the machine has been added below the Force 
curve. 

The Flux curve in Figure 1 0 illustrates the flux in the 
machine from the point the phase winding of interest is 
energized at time T 0 , to the point where the phase wind- 
ing of interest is de-energi2ed at the switch-off point T v 
As illustrated in Figure 10, after the phase winding is 
energized at T 0 , the flux in the machine will begin to in- 
crease and will continue to increase until the switch-off 
point T 1 at which point the gradient of the flux will abrupt- 
ly change and the flux begin to decrease. As the Force 
curve of Figure 10 indicates, this abrupt change in the 
gradient of the flux produces a change in the forces in 
the motor causing the oscillation and unwanted vibration 
represented by the Deflection, Velocity, and Accelera- 
tion curves of Figure 10. 

Figure 11 illustrates the reaction of the system 
whose responses are shown in Figure 10 when an aux- 
iliary voltage pulse is applied in accordance with the 
method of the present invention. As illustrated in Figure 
11, the Force and Flux curves are generally the same 
as for Figure 10 up to the switch-off point T v In Figure 
11, after the switch-off point T 1f an auxiliary voltage 
pulse is applied to the phase winding in accordance with 
the present invention at a time T 2 . The auxiliary voltage 
pulse has a duration extending from T 2 to T 3 . Referring 
to the Flux curve of Figure 11 it may be noted that the 
flux begins to decrease abruptly at point T v but then 
abruptly begins to increase at point T 2 as a result of the 
application of the auxiliary voltage pulse. The flux will 
continue to increase until point T 3 , which corresponds 
to the end of the auxiliary voltage pulse. At point T 3 , the 
flux again abruptly begins to decrease. The abrupt 
changes in the gradient of the flux resulting from the ap- 
plication of the auxiliary voltage pulse produce corre- 
sponding abrupt changes in the forces in the motor 
which tend to cancel the unwanted vibration, as indicat- 
ed by the Acceleration, Velocity and Deflection curves 
of Figure 1 1 . 

in the illustrative examples of Figures 1 0 and 1 1 the 
motor system is modeled to have a mass of 0.16 kg, a 
stiffness of 30.5x1 0 6 N/m : a damping factor of 142 N/m/ 
s, and a flux linkage of 330xt Or 3 WbT. In the example 
of Figure 11 , the switch-off point occurs at a time T 1 that 
occurs 1 000x1 0* 6 seconds after the phase winding is 
energized at time T 0 . To produce the desired change in 
flux, the auxiliary voltage pulse is applied at a point T 2 
1085x10 -6 seconds after T 0 and terminated at a point in 
time 1155x10 -6 seconds after T 0 . The values for the ex- 
amples of Figures 10 and 1 1 are exemplary only and are 
provided to clarify the present invention. 

While the above examples are limited to situations 
where a single auxiliary voltage pulse is used to reduce 
unwanted vibration, the method of the present invention 



allows for the application of multiple auxiliary pulses. As 
discussed above, for switched reluctance motor sys- 
tems with more than one natural resonance frequency, 
it may be necessary to provide more than one auxiliary 
5 voltage pulse. Such multiple natural resonance frequen- 
cies may occur in asymmetrical (e.g., square or the like) 
machines. In general, the timing of the additional auxil- 
iary voltage pulses may be determined using the meth- 
ods set out above. 
10 One significant advantage of using auxiliary pulses 
to reduce unwanted vibration is that any unwanted vi- 
brations caused by the original hammer blow can be 
cancelled quickly. As discussed above, a properly timed 
pulse can eliminate unwanted vibration rapidly, in ap- 
15 proximately one-half of the period of the natural frequen- 
cy of the machine. This quick cancellation of the unwant- 
ed pulses can be quite significant as the speed of the 
machine increases, and as the frequency at which the 
phase winding of interest is energized approaches the 
20 natural frequency or frequencies of the machine. In gen- 
eral, the use of auxiliary pulses in accordance with the 
present invention, reduces noise and unwanted vibra- 
tions much faster than known systems that use free- 
wheeling only to reduce unwanted vibrations. Moreover, 
25 machines which have a mechanically asymmetric con- 
struction may have different natural frequencies associ- 
ated with each phase of the machine. The present in- 
vention, unlike known systems, allows for the applica- 
tion of the appropriate auxiliary pulse for each of the 
30 phases by suitable programming of the auxiliary pulse 
generator. 

Figure 12 illustrates in block form one example of a 
circuit that may be used to construct an auxiliary con- 
troller 44 to implement the method of the present inven- 

35 Hon. It will be generally understood that Figure 12 illus- 
trates exemplary circuitry for only one phase winding., 
and the circuitry would be repeated for the other phase 
windings, using parameter values appropriate to each 
phase. Control circuit 44of Figure 12 includes a decoder 

40 circuit 120 that receives the firing signals for the upper 
and lower power switching devices 33 and 34 for the 
phase windings corresponding to the controller. Decod- 
er circuit 120 monitors the firing signals and produces a 
pulse output signal at the appropriate switch-off point. 

45 Generally the switch-off point may be detected by sens- 
ing a predefined switching event as reflected by the fir- 
ing signals, e.g., the point when both the top and bottom 
power switched are commanded to turn OFF. The pulse 
produced by decoder 120 is applied to the Trigger input 

50 (J) of a first edge-triggered monostable 121. In re- 
sponse to a rising edge at its trigger input, edge trig- 
gered monostable 121 produces a voltage pulse that 
has a duration that is proportional to the signal applied 
to the pulse-width input of monostable 121. In the em- 

55 bodiment of Figure 12, the time signal applied to the 
pulse-width input of monostable 121 is selected to cor- 
respond to the desired predetermined time interval be- 
tween the switching event or switch -off point of interest 



20 



9 



17 



EP 0 763 883 A2 



18 



and the initiation of the auxiliary voltage pulse. 

The output ot edge triggered monostable 1 21 is ap- 
plied to the Trigger input of falling edge triggered mon- 
ostable 122. Similar to edge triggered monostable 121, 
falling edge triggered monostable 122 produces a volt- 
age pulse at its output in response to a falling edge ap- 
pearing at its Trigger input. The duration of the pulse 
produced by monostable 122 is proportional to the sig- 
nal that appears at its pulse-width input. In the embod- 
iment of Figure 1 2 : the signal applied to the pulse-width 
input of monostable 1 22 is selected to correspond to the 
desired duration of the auxiliary pulse. The output of 
monostable 122 is split to form two outputs (for power 
devices 34 and 35) and is applied to the power devices 
through the OR gates 42 5 as illustrated in Figure 4. 

The auxiliary controller 44 of Figure 12 is but one 
example of a circuit that may be used to implement the 
methods of the present invention. Other embodiments 
are possible in which additional monostables and timers 
are used to implement auxiliary pulses that employ free- 
wheeling or that provide more than one auxiliary pulse 
to the motor Moreover, while Figure 1 2 illustrates the 
use of discrete decoders, monostables and other cir- 
cuits, the present invention may be implemented in a 
controller that uses one or more ASICs, microcontrollers 
or microprocessors. For example, all of the circuitry con- 
tained in the dashed box of Figure 12 may be imple- 
mented in a single microcontroller, such as the Motorola 
68HC1 1 through hardware and software. In such an em- 
bodiment, the on-chip timer port of the microcontroller 
can be programmed to act as the edge triggered mon- 
ostables 121 and 122. 

Figure 13 illustrates alternative circuitry that may be 
used to implement the auxiliary controller 44 of Figure 
4 in clocked digital systems. As with Figure 12, Figure 
1 3 illustrates the controller for a single phase. It is to be 
understood that in multi-phase systems the control cir- 
cuitry of Figure 1 3 would be repeated for each phase, 
using appropriate parameter values. 

In general, the circuitry of Figure 13 includes a first 
clocked flip-flop 1 30 that receives at its data input a sig- 
nal that corresponds to the normal firing signals for the 
phase of interest. The signal corresponding to the firing 
signal (which may be the firing signal or a phase select 
signal) is provided by controller 40 (not shown) and is 
selected such that when it is logic 1 , the corresponding 
phase winding is energized and when it is logic 0, the 
phase winding is de-energized. Accordingly, the point at 
which the signal transitions from logic 1 to logic 0 rep- 
resents the switch-off point of interest to the present in- 
vention. 

The signal corresponding to the firing signal is in- 
verted and applied to one input of two-input AND gate 
131. The other input of AND gate 131 receives the Q 
output of flip-flop 1 30. As those skilled in the art will rec- 
ognize, flip-flop 1 30 and AND gate 1 31 operate together 
to produce a rising edge pulse at the output of AND gate 
1 31 each time the signal corresponding to the firing sig- 



nal transitions from logic 1 to logic 0. The output ol AND 
gate 131 is applied to the RESET input of an 8-bit up 
counter 132. Accordingly, 8-bit up counter 132 is reset 
and begins a new count each time the signal corre- 

5 sponding to the firing signal transitions from logic 1 to 
logic 0 (i.e., at each switch-off point of interest). 

The 8-bit output of counter 132 is provided to the B 
input of an 8-bit magnitude comparator 1 34. The A input 
to magnitude comparator receives an 8-bit data bus 1 35 

io that carries firing information provided to the auxiliary 
controller by the controller 40. The B>A output of com- 
parator 1 34 is applied as the data input to a first clocked 
D flip-flop 1 36. The B> A output of comparator 1 34 is also 
inverted and the inverted signal is applied to the input 

15 of a second clocked D flip-flop 1 37. The control input to 
flip-flop 1 36 is coupled to a line carrying a T-ON signal. 
The control input to flip-flop 137 is coupled to a line car- 
rying a T-OFF signal. As discussed below, the T-ON and 
T-OFF signals change in response to the type of data 

20 carried on bus 1 35. The outputs of flop-flops 1 36 and 
137 are coupled to the inputs of an AND gate 138. in 
operation, the flip-flops 1 36 and 1 37 function as de-mul- 
tiplexes to select which data will control the output state 
of AND gate 138. The output of AND gate 138 repre- 
ss sents the firing signal for the auxiliary pulse. It may be 
separated into two signals and applied to the inputs to 
the appropriate auxiliary pulse OR gates 42 ot Figure 4. 

At or after the termination of the firing pulse, the con- 
troller 40 (or a separate auxiliary pulse control circuit) 

30 places an eight-bit digital word on data bus 1 35 that cor- 
responds to the turn -on time for the auxiliary voltage 
pulse. At or after the controller places the turn-on infor- 
mation on data bus 1 35, it asserts the T-ON signal, thus 
enabling flip-flop 136. At this time, the T-OFF signal is 

35 a logic low, disabling flip-flop 1 37. 

At the time flip-flop 1 36 is enabled, the output of flip- 
flop 137 is a logic 1 and the output of flip-flip 1 36 is logic 
0. Since flip-flop 137 is disabled at this time (T-OFF is 
low) the output of flip-flop 137 will remain low. Because 

40 flip-flop 1 36 is enabled, its output will follow its data input 
which is the B>A output of comparator 1 34. At the time 
the turn-on information is placed on data bus 135, the 
output count of counter 132 will be less than the digital 
word that corresponds to the turn-on time for the auxil- 

^5 iary pulse. Accordingly, the B>A output from comparator 
134, and thus the output of flip-flop 136 and AND gate 
138, will be logic low. As the count from counter 1 32 in- 
creases over time, a point wilt be reached where the 
count exceeds the digital word on line 1 35 correspond- 

50 ing to the turn-on time for the auxiliary pulse. At that 
time, the B>A output of comparator 1 34 will rise to logic 
high , as will the output of flip-flip 1 36 and AND gate 1 38. 
This will initiate a firing signal that will initiate the auxil- 
iary pulse. 

55 Sometime after the auxiliary pulse is initiated in the 
manner described above, the controller 40 places a dig- 
ital word on bus 1 35 that corresponds to the turn-off time 
for the auxiliary pulse. At that time, the controller de- 
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asserts the T-ON signal and asserts the TOFF signal. 
When this occurs, flip-flop 1 35 (with a logic high output) 
is disabled and flip-flop 1 37 is enabled. Since at the time 
the T-OFF signal is asserted the count output from coun- 
ter 132 will be less than the T-OFF data word on bus s 
135, the inverted B>A output of comparator 134 (and 
thus the output of flip-flop 137) will remain logic high. 
Accordingly, the output of AND gate 1 38 will also remain 
logic high and the auxiliary firing pulse will continue. The 
inverted B>A input will remain logic high until the output 
count from counter 1 32 exceeds the digital word on bus 
1 35. At that time, the inverted B>A output of counter 1 34 
will drop to logic low, as will the output of flip-flop 137 
and gate 138. This change in the output of AND gate 
138 will terminate the auxiliary firing pulse. 

The specific circuitry of Figure 1 3 is provided as only 
one possible example of one type of clocked circuit that 
may be used to implement the present invention. Other 
types of circuits, possibly using additional comparators, 
may also be used to implement the control circuit of the 
present invention. 

While the above discussion of the use of auxiliary 
pulses for noise reduction was in the context of a reluc- 
tance machines operating as a motors : the present in- 
vention is also applicable to machines acting as gener- 
ators. For generators the application and timing of the 
auxiliary pulses must be modified. For example, for gen- 
erators; it is the front end of the flux waveform that 
should be modified through the application of the auxil- 
iary pulses. Accordingly, the auxiliary pulses should dis- 
connect the phase winding from the DC bus and should 
follow the peak of the flux waveform by an appropriate 
predetermined period of time. 

In addition to the use of auxiliary pulses to reduce 
the amount of noise produced by a switched reluctance 
motor system through active cancelling of unwanted vi- 
brations, the present invention also contemplates em- 
bodiments where noise is reduced by effectively "round- 
ing" the sharp corners of the flux waveform. This round- 
ing of the flux waveform causes the flux changes in the 
motor to be less abrupt and reduces the severity of the 
resultant vibrations. In the embodiments of the present 
invention described below, the edges of the flux wave- 
form are rounded or "softened" by controlling the tran- 
sition of the voltage across the phase windings of the 
motor from a first voltage level to a second voltage level. 
This control allows the voltage across the phase winding 
to change smoothly from the DC bus voltage to the neg- 
ative of the DC bus voltage over time. This embodiment 
provides lor a smooth voltage transition as opposed to 
the abrupt voltage transition from +V bus to -V bus as 
illustrated in Figure 5A 

In one embodiment of the present invention, the 
smoothing of the transition of the voltage applied to the 
phase winding from +V to -V is accomplished through 
the application of a succession of timed voltage pulses 
to the phase winding after the switch-off point of interest. 
This succession of timed voltage pulses smoothly ad- 



justs the effective mean voltage applied to the phase 
winding over a given period of time, as opposed to over 
a given rotor angle. 

An example of the application of a succession of 
timed voltage pulses to smoothly adjust the effective 
mean voltage applied to the phase winding of a switched 
reluctance motor over time is illustrated in Figures 14A 
and14B. Figure 14A generally illustrates the termination 
of an angular period of phase energization at switch-off 
point 51 and the application of a succession of timed 
voltage pulses 140, 141 and 142 at a predetermined 
point in time following the switch-off point. In the embod- 
iment of Figure 14A, the width of the pulses decreases 
such that the width of pulse 141 is less than the width 
of pulse 1 40, and the width of pulse 1 42 is less than the 
width of pulse 141. This "ramping down" of the pulse 
width further smooths the change in the mean voltage 
applied to the phase winding. Although the example of 
Figure 14A illustrates the application of three decreas- 
ing width pulses after the switch-off point, embodiments 
are envisioned where a different number of pulses (e. 
g., 5-10) are applied to the phase winding and where 
the pulse width does not vary according to the example 
of Figure 14A. Generally, the number of additional 
smoothing pulses can be determined by modifying the 
number of pulses applied to the motor and empirically 
determining the number of additional smoothing pulses 
that produce the desired reduction in noise and vibra- 
tion. Moreover, in some embodiments freewheeling pe- 
riods are introduced in between the pulses comprising 
the succession of timed pulses. 

The succession of timed pulses that are applied to 
the phase winding in accordance with the present inven- 
tion may be provided by additional circuitry for each 
phase that is specially designed and pre-programmed 
to apply a succession of timed pulses at the appropriate 
predetermined point in time. Alternatively, existing chop- 
ping mode control circuitry may be used to provide the 
controlled burst of pulses. When chopping mode circuit- 
ry is used, the succession of timed pulses may be gen- 
erated by ramping down the reference current signal ap- 
plied to the chopping mode controller as a function of 
time after the switch-off point of interest. 

Figure 14B provides a general illustration of the ef- 
fect of the controlled burst of pulses on the flux wave- 
form. The solid tine 143 reflects the motor flux without 
the application of the succession of timed pulses. As il- 
lustrated, at the conclusion of an angular period of 
phase energization indicated by switch-off point 51 
there is an abrupt change in the gradient of the flux, 
which may produce unwanted noise and vibration as 
discussed above. Dashed line 144 generally illustrates 
the motor flux with the application of the succession of 
timed pulses. As indicated the change in the flux at the 
switch-off point 51 is less abrupt resulting in reduced vi- 
bration and noise. 

Typically, when a succession of timed pulses is 
used to reduce vibration and noise, the number of puls- 
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es and their respective widths may be determined em* 
pirically. In general, however, by varying the width of the 
pulses it is possible to profile the flux gradient in a man- 
ner akin to the use of pulse width modulation to control 
the change of current in an inductive load. 

In the example of Figure 14A, the succession of 
timed pulses includes pulses that vary from a +V voltage 
to a -V voltage. To provide such voltage pulses both the 
upper and lower switching devices for the winding 
should be switched on (to provide a +V voltage) and 
switched off (to provide a -V voltage.) Alternative em- 
bodiments of the present invention are envisioned 
wherein the upper and lower switching devices are 
switched on or off at different times to provide a control- 
led succession of timed pulses where the pulses vary 
from voltages other than +V to -V. Figures 15A-15B il- 
lustrate examples of such alternate embodiments. 

Figure 15A illustrates an exemplary succession of 
voltage pulses following switch-off point 51 where the 
pulses that comprise the succession vary in magnitude 
from +V to 0. Such voltage pulses may be generated by 
leaving the lower switching device (i..e, the one coupling 
the phase winding to the lower rail of the DC bus) 
switched on and switching the upper power device to 
provide the voltage pulses. During the period when the 
lower device is switched on and the upper device is 
switched off, the current will freewheel through the lower 
device and the voltage across the phase winding will be 
approximately 0 volts. 

Figure 15B illustrates yet another exemplary suc- 
cession of voltage pulses wherein the pulses vary from 
-V to 0 volts during a first part of the succession and 
from 0 to - V during a second part of the succession. The 
+V to 0 pulses may be generated in the manner de- 
scribed above. The 0 to -V pulses may be generated by 
switching off the upper power device and switching on 
and off the lower switching device to provide the pulses. 

It should be noted that the successions illustrated 
in Figures 1 5 A and 15Bare provided by way of example. 
Other controlled successions including combinations of 
pulses from +V to -V, +V to 0 and 0 to -V may be used 
to soften the reversal of the effective mean voltage ap- 
plied to the phase winding in accordance with the 
present invention. 

The application of the succession of rapid pulses in 
accordance with the present invention is different from 
the application of voltage pulses that occurs in typical 
motoring operation. As discussed above, the voltage 
pulses applied during typical motoring operation are de- 
fined by the rotor's movement from an angular position 
corresponding to the turn-ON angle to an angular posi- 
tion corresponding to the turn-OFF or commutation an- 
gle. Generally, as the rotor increases in angular speed, 
it will rotate through these angles faster, resulting in a 
time shortening of the applied voltage pulses as the mo- 
tor speed increases. Because the duration of these puls- 
es is defined by the angular position of the rotor, they 
are referred to angle-defined pulses. 



In contrast to angle-defined pulses, the voltage 
pulses that comprise the succession of timed pulses 
provided in accordance with the present invention are 
time defined Thus, unlike the pulses which are defined 
5 by the angle of the rotor, the rapid succession of timed 
pulses of the present invention occur over a given time 
period. For example, in one embodiment of the present 
invention the same number of voltage pulses will occur 
at the same time following each switch-off point of inter- 
est, regardless of the angular speed of the rotor or the 
angular position at which switch-off occurs. 

Alternative embodiments use capacitors to smooth 
the actual voltage applied to the phase windings at the 
switch-off point. Unlike the embodiment where a con- 
trolled burst of pulses is used to smooth the effective 
mean voltage applied to the windings, in such alternate 
embodiments., the actual voltage applied to the windings 
is smoothed. 

Figure 16 generally illustrates an ideal smooth volt- 
age reversal from +V to -V of the voltage across a phase 
winding. This ideal voltage may be approximated 
through the use of the circuitry illustrated in Figure 17A. 

Figure 17A generally illustrates the use of a capac- 
itor smoothing circuit to soften the voltage reversal. In 
Figure 17 A, a smoothing circuit 170 has been added 
around one switching device of a two switching device 
switching arrangement similar to that discussed above 
in connection with Figure 3. Return diodes 35 and 36 
are also provided. Return diode 36 has an anode cou- 
pled to the negative rail 32 of the DC bus and a cathode 
coupled to a first terminal of phase winding 30. Return 
diode 35 has an anode coupled to a second terminal of 
the phase winding and a cathode coupled to the positive 
rail 31 of the DC bus. 

In the embodiment of Figure 17 A, capacitor 
smoothing circuit 170 is coupled between the second 
terminal of phase winding 30 where return diode 35 cou- 
ples with the phase winding, and a point corresponding 
to the negative DC bus rail. The capacitor smoothing 
circuit 170 includes a diode 171, a capacitor 172 and a 
resistor 1 73. The capacitor 1 72 in the capacitor smooth- 
ing circuit 170 is much larger than a capacitor would be 
in a conventional snubber such as snubbers used to 
control the transient voltage across a switching device. 
This is because, in the present invention, the main func- 
tion of smoothing circuit 170 is not to control the switch 
voltage but to smooth the reversal of the voltage applied 
to the phase winding. The precise magnitudes of the re- 
sistor 173 and capacitor 172 will vary with the size and 
power rating of the motor. In general, the capacitor 172 
should be sized to control the transition of the voltage 
across the phase winding from 0 volts to the negative of 
the DC bus voltage over a given period of time when the 
phase winding is de-energized. 

Figure 17B generally illustrates the voltage across 
the phase winding 30 when the circuitry of Figure 17A 
is employed. Initially, switches 33 and 34 are both closed 
and the voltage across the winding 30 is +V. During this 
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period of time, because switch 34 is closed, the voltage 
across the capacitor 172 will be approximately zero 
volts. At switch-off point 51, both switching devices 33 
and 34 are opened, and the voltage applied to the phase 
winding will abruptly change from +V to 0. The phase 
current then flowing in the phase winding 30 will corn- 
mutate into the capacitor 172 through diodes 36 and 
171. This current flow will begin to charge capacitor 1 72, 
and the voltage across capacitor 1 72 will rise in a rough- 
ly linear fashion towards +V. Accordingly, the voltage ap- 
plied to the phase winding will ramp down in a roughly 
linear fashion towards -V as the voltage across capaci- 
tor 172 gradually rises to +V. 

It should be noted that the switching approach dis- 
cussed in the example of Figures 17A and 17B is but 
one example with the switching approach that may be 
used in connection with the present invention. Alterna- 
tive embodiments are possible wherein other switching 
approaches are utilized. For example, embodiments are 
envisioned where at the initial switch off point 51 only 
the upper device 33 is opened and the current is allowed 
to freewheel through diode 36 and switching device 34 
before switch 34 is opened. 

While the use of the circuitry of Figure 1 7A tends to 
soften the voltage reversal, it still allows for an abrupt 
change in voltage from +V to 0 at the switch-off point. A 
still further embodiment is envisioned wherein two ca- 
pacitor smoothing circuits (one for each switching de- 
vice) are used for each phase winding. Such an arrange- 
ment is illustrated in Figure 18A, where a capacitor 
smoothing circuit 1 80 is associated with upper switching 
device 33 and a capacitor smoothing circuit 170 is as- 
sociated with lower switching device 34. The smoothing 
circuit 180 operates in a manner similar to smoothing 
circuit 170 : but ramps the voltage at switch-off from a 
+V voltage to 0 volts as the voltage across the smooth- 
ing capacitor associated with smoothing circuit 180 dis- 
charges from +V to 0 volts. In this embodiment capacitor 
smoothing circuit 170 operates as previously described. 
Figure 18B generally illustrates the voltage across the 
phase winding 30 when the circuitry of Figure 18A is 
used. 

In effect the converter of the present invention caus- 
es the transition time of the voltage switched across the 
phase winding to be increased so that the rate of change 
of flux linkage in the phase winding is reduced, such that 
the distorting forces imposed on the stator are reduced. 
This reduces the acoustic noise from, and vibration in 
the stator. 

Although snubber circuits have been used in the 
past to reduce switching losses, the present invention 
contemplates the use of components creating a longer 
transition time, such as a much larger capacitor and the 
use of the particular switching arrangements discussed 
above. The parameters of the smoothing circuit of the 
present invention differ significantly from the parame- 
ters of known snubber circuits and should be selected 
such that the ramp-down time of the phase voltage is 



sufficiently extended so that the amount of unwanted 
noise and vibration produced by the machine is de- 
creased. 

Embodiments are possible wherein the active can- 
5 celling of noise through the use of auxiliary pulses is 
combined with the described techniques for smoothing 
the voltage transitions to provide further benefit in the 
context of noise reduction. 

The above description of several embodiments is 
made by way of example and not for purposes of limi- 
tation. Many variations may be made to the embodi- 
ments disclosed herein without departing from the 
scope and spirit of the present invention. For example : 
while the above description was directed primarily to 
specific switched reluctance motor systems, the present 
invention is applicable to any form of reluctance ma- 
chine, regardless of the number of poles, pole shape 
and general layout. The present invention is intended to 
be limited only by the spirit and scope of the following 
claims. 



Claims 

25 1 . A control system for a reluctance machine including 
a rotor, a stator and at least one phase winding, the 
system comprising control means operable to pro- 
duce firing signals, switch means responsive to the 
firing signals to change the conduction of the switch 

30 means from one state to another state to reverse 
the voltage across the phase winding, and damping 
means operably connected with the switch means 
to increase the transition time of the voltage revers- 
al across the phase winding, thereby reducing the 

35 rate of change of magnetic flux linking the phase 
winding such that distorting forces imposed on the 
stator are reduced. 

2. A system as claimed in claim 1 in which the transi- 
40 Hon time is greater than 10 microseconds. 

3. A system as claimed in claim 1 or 2 in which the 
damping means are arranged to actuate the switch 
means between the one and the other conduction 

45 states repeatedly following a firing signal from the 
control means to cause the voltage across the 
phase windings to change according to the in- 
creased transition time. 

50 4. A system as claimed in claim 3, in which the damp- 
ing means are operable to change the switch means 
from the one state to the other state according to a 
decreasing duty cycle. 

55 5. A system as claimed in claim 1 or 2 in which the 
damping means comprise a damping circuit con- 
nected across at least part of the switch means. 
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6. A system as claimed in claim 5 in which the switch 
means comprise a first switching device arranged 
to enable conduction between one power conductor 
and one end of the phase winding; a second switch- 
ing device arranged to enable conduction between s 
another power conductor and the other end of the 
phase winding; a first unidirectional current device 
connected to conduct from the other conductor to 
the one end of the phase winding; a second unidi- 
rectional current device connected to conduct from io 
the other end of the phase winding to the one con- 
ductor; a first smoothing circuit connected across 

the first switch; a second smoothing circuit connect- 
ed across the second switch, the first and second 
smoothing circuits being operable to control the is 
transition of voltage across the phase winding ac- 
cording to the increased transition time. 

7. A system as claimed in claim 6 in which the first 
smoothing circuit comprises a third unidirectional 20 
current device connected at one terminal to conduct 
from the one conductor; a first resistor connected 
across the third unidirectional current device; a first 
smoothing capacitor coupled between the other ter- 
minal of the third unidirectional current device and 25 
the one end of the phase winding, wherein the first 
smoothing capacitor increases the transition time of 

the voltage reversal across the phase winding when 
both the first and second switch devices are non- 
conducting; a second smoothing circuit comprising 30 
a fourth unidirectional current device connected to 
conduct toward the other conductor; a second re- 
sistor connected across the fourth unidirectional 
current device: and a second smoothing capacitor 
connected between the other terminal of the fourth 35 
unidirectional current device and the other conduc- 
tor, wherein the second smoothing capacitor in- 
creases the transition time of the voltage reversal 
across the phase winding when both the first and 
second switch devices are non-conducting. 40 

8. A system as claimed in claim 5 in which the switch 
means comprise a first switching device arranged 
to enable conduction between one power conductor 
and one end of the phase winding; a second switch- 45 
ing device arranged to enable conduction between 
another power conductor and the other end of the 
phase winding; a unidirectional current device con- 
nected to conduct from the other end of the phase 
winding; a smoothing circuit connected across the 50 
first switch, the smoothing circuit being operable to 
control the transition of voltage across the phase 
winding according to the increased transition time. 

9. A system as claimed in claim 8 in which the first 
smoothing circuit comprises a further unidirectional 
current device connected at one terminal to conduct 
from the one conductor, a first resistor connected 



across the third unidirectional current device; a first 
smoothing capacitor coupled between the other ter- 
minal of the further unidirectional current device and 
the one end of the phase winding, wherein the first 
smoothing capacitor increases the transition time of 
the voltage reversal across the phase winding when 
both the first and second switch devices are non- 
conducting. 

10. A method of reducing vibration in a reluctance ma- 
chine having a rotor, a statorand at least one phase 
winding and switch means connected across the 
phase winding, the method comprising: 

actuating the switch means to change the con- 
duction of the switch means from one state to 
another state to reverse the voltage across the 
phase winding; and 

damping the switch means to increase the tran- 
sition time of the voltage reversal across the 
phase winding, thereby reducing the rate of 
change of magnetic flux linking the phase wind- 
ing such that distorting forces imposed of the 
stator are reduced. 

11. A method as claimed in claim 10 in which the tran- 
sition time is damped to greater than 10 microsec- 
onds. 

12. A method as claimed in claim 1 0 or 11 in which the 
damping includes actuating the switch means to 
change between the one and the other conduction 
states repeatedly in accordance with damping puls- 
es following a firing signal from the control means 
to cause the voltage across the phase winding to 
change according to the increased transition time. 

1 3. A method as claimed in claim 1 2 in which the damp- 
ing pulses have a decreasing duty cycle. 

14. A method as claimed in claim 10 or 11 including in- 
creasing the transition time by connecting a damp- 
ing circuit across at least part of the switch means. 
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